ABSTRACT
INTRODUCTION
The mutagenically separated polymerase chain reaction (MS-PCR) was described by Rust et al. (27) as a general technique for the analysis of any point mutation. The principle of the technique involves using two allelespecific primers of different lengths that are separately complementary to a given DNA sequence except for a mismatch near the 3 ′ end of the primers. These additional and deliberately designed differences can markedly reduce cross-reactions in subsequent PCR cycles. A typical MS-PCR test contains three primers in the PCR mixture. Both normal and mutant alleles are amplified in the same reaction tube. Subsequent gel electrophoresis shows at least one of the two allelic products at the same locus. The MS-PCR has several advantages over the other PCR-based analytical systems. The method is rapid, reliable, non-isotopic and provides a within-assay quality control for the exclusion of false-negative results. Moreover, the results can be obtained in less than one working day.
β -Thalassemia is an autosomal recessive disease characterized by the absence or decreased synthesis of the β -globin chain. The disease is common in people of Mediterranean regions, the Middle East, India, Pakistan, Southeast Asia and southern China (2, 29) . More than 160 different mutations are known to produce the β -thalassemia phenotypes (14, 16, 17) . Several PCR-based methods have recently been developed to detect these mutations. These methods include PCR followed by probing with sequence-specific oligonucleotides (4, 28) , amplification refractory mutation systems (ARMS) (25, 26, 30) , amplified created restriction sites (ACRS) (7, 20) , ligase chain reaction (1) , covalent reverse dot-blot analysis (23) , chemical cleavage of mismatched duplexes (11) , denaturing gradient gel electrophoresis (3, 22) and multiple restriction fragment-single strand conformation polymorphism (MRF-SSCP) (19) . These techniques may require separate probes, separate PCRs or further post-PCR manipulations.
In general, each population has a unique spectrum of β -thalassemia mutations, consisting of a few very common mutations and a variable number of rare mutations. For example, four mutations (-28A→G, codon 17 AAG→ TAG, codon 41/42-TCTT and IVS-2 nt 654 C →T mutations) account for almost 90% of the cases of β -thalassemia in Taiwan (8, 10) . A technique that can simultaneously analyze a sample for the presence of multiple mutations would therefore be very useful. The aim of this study was to apply the MS-PCR system to detect several mutations in one reaction tube simultaneously. We attempted to achieve this aim in two steps: (i)the development of duplex MS-PCR and (ii)the development of multiplex MS-PCR for the most common mutations in hemoglobin genes among Chinese (8, 10, 21) .
MATERIALS AND METHODS

DNA Extraction
DNA was extracted from peripheral blood, amniotic fluid, chorionic villi biopsy and cord blood by the phenolchloroform method (24) . We analyzed 100 Chinese patients with β -thalassemia minor, 30 with β -thalassemia major, 20 samples from fetuses and peripheral blood from more than 30 cases of different hemoglobin variants. All of these samples had previously been 
analyzed by allele-specific oligonucleotide hybridization, the ACRS method or by direct sequencing (7, 8, 10, 21) .
Primer Design
The oligonucleotide primers used in this study are shown in Table 1 . The principle of the primer design was based on that used by Rust et al. (27) , our own studies (6, 9) , and that of the ARMS method but with some modification (18, 25) .
The four most common β -thalassemia mutations and four other common hemoglobin variants in Taiwan were studied. For the A→G mutation at position -28, we designed a long downstream primer (38-mer) and created a mutation site at its 3 ′ end to detect the normal allele. The normal T at the 3 ′ end, in combination with a mutagenic base A at the third from last position of the primer, results in this primer, annealing specifically to the normal allele (only one mismatch base for normal allele, in comparison with two mismatch bases for mutant allele). We also designed a short downstream primer to detect the mutant allele in a similar way. The mutant C at the 3 ′ end, in combination with a mutagenic base A at the third from last position of the short primer, also enables the PCR to amplify the mutant allele specifically. In the long primer, we also modified the base of the long primer from G to C, corresponding to the 2nd base from the 5 ′ end of the short primer (Table 1 , bold underlined bases), to prevent the short primer from using the PCR products generated by the long primer as a template (filling-up effect). Similarly, for the detection of codon 17 AAG→TAG, a long upstream primer (45-mer) was designed to detect the normal allele. The normal A at the 3 ′ end, in combination with a mutagenic base A at the third base from the 3 ′ end, results in this primer annealing to the normal allele specifically. In this primer, we changed the 21st base from the 5 ′ end from T to A to prevent the filling-up effect caused by the primer for the mutant allele (25-mer). For detection of the 4-nt deletion of codon 41-42, a long primer (48-mer) was used to detect the normal allele that spanned part of codon 42. A short primer (22-mer) was used to detect the mutant allele. The sequence of the short primer was identical to that of the mutant allele. For the nt 654 C →T mutation of IVS-2, the primer design for both normal and mutant alleles was similar to that for position -28 (Table 1) .
For detection of Hb E, a long upstream primer (41-mer) was designed. The mutant base A at the 3 ′ end, in combination with a mutagenic base A at the second-to -last base of the primer, results in the PCR amplifying the mutant allele specifically. A short upstream primer (20-mer) with a normal G at the 3 ′ end and a mutagenic base A at the second to the last base of the primer was designed to amplify the normal allele. For detection of Hb Constant Spring (with a point mutation in the α 2 globin gene), a long downstream primer (39-mer) ending with its 3 ′ end at the mutation site and a mutagenic base A at the third base from the 3 ′ end was designed to detect the normal allele. Similarly, a short upstream primer (20-mer), also ending with its mutant base at the 3 ′ end and a mutagenic base A at the third base from the 3 ′ end, was designed to amplify the Hb CS specifically. A base in the middle of the long primer was also modified to prevent the filling-up effect. An oligonucleotide with a mutagenic base T at positions 5 and 13 from the 5 ′ end was used as an upstream primer specific for the α 2 globin gene (Table 1 , bold underlined bases).
For detection of Hb J-Meinung (JKorat or J Bangkok), a long upstream primer (39-mer) with a mutant base A at the 3 ′ end and a mutagenic base C at the third from the last base was used to amplify the mutant allele specifically. A short upstream primer with a mutagenic base C at the third from the last base was used to amplify the normal allele. For detection of Hb Kaohsiung (New York), the primer design was similar to that for Hb J-Meinung (Table 1) .
Duplex MS-PCR Conditions
Six primers at different concentrations were added into one reaction tube (Table 2) . A PCR of 100 µ L of reaction 522BioTechniques
Vol. 22, No. 3 (1997) solution containing 0.5 µ g of genomic DNA, six primers for detection of two mutations, 200 µ mol of dNTP, 2.5 U of TaqDNA polymerase (Dynazyme ™II; Finnzymes Oy, Espoo, Finland) and manufacturer-supplied buffer was performed for 35 cycles with denaturation at 94°C for 2 min, annealing at 56°C for 2 min and extension at 72°C for 3 min in the GeneAmp ® PCR System 9600 (Perkin-Elmer, Norwalk, CT, USA).
Triplex or Multiplex MS-PCR Conditions
Nine or twelve primers were added into one reaction tube. The PCR cycling conditions were the same as for the duplex MS-PCR, except for the concentrations of the primers. The concentrations of the primers in the triplex and multiplex reactions were adjusted according to the productivity of the different primer pairs on the basis of those in the duplex reaction. In addition, the reaction mixture also contained 10% dimethyl sulfoxide (DMSO).
The MgCl 2 concentration was adjusted to secure the most efficient results. The PCR products were stained with ethidium bromide and visualized after electrophoresis on a 3.5% agarose or 10% polyacrylamide gel.
General Principle for Performing Multiplex MS-PCR
Initially, we used the identical concentration of primers to do PCR, and, after checking the results of the PCR, we adjusted the concentrations of the different primers as required. The primer concentration was increased if only a few products were produced, and the primer concentration was decreased if too many products were produced. By trial and error, we were able to optimize the multiplex MS-PCR conditions.
RESULTS
The results of the duplex MS-PCR are shown in Figures 1, 2 and 3 . For the detection of the -28 A→G mutation in the promoter region, and the codon 17 AAG→TAG mutation, the 304-and 190-bp fragments were amplified from the normal allele ( Figure 1, lane 4 ). An additional fragment of 287 bp was obtained from the -28 mutant allele of a heterozygote ( Figure 1, lane 2) . A 170-bp fragment from the codon 17 mutant allele of a heterozygote was similarly visualized (Figure 1, lane 1) . Two additional fragments of 287 and 170 bp were obtained simultaneously from the mutant alleles of a compound heterozygote ( Figure 1, lane 3) . A 541-bp fragment was also found due to the combination of the upstream primer for the -28 mutation and the downstream primer for the codon 17 mutation.
For detection of the codon 41/42 4-nucleotide (nt) deletion and IVS-2 nt 654 mutation, a 350-bp and a 134-bp fragment were amplified from the two loci of normal alleles (Figure 2, lanes 1,  2 and 6 ). An additional 320-bp fragment was obtained from the codon 41/42 mutant allele of a heterozygote (Figure 2, lane 3, 5 and 10 ). An additional 115-bp fragment from the IVS-2 nt 654 mutant allele of a heterozygote was similarly obtained (Figure 2 , lane 4). Two fragments of 320 and 115 bp in length were obtained from the mutant alleles of the compound heterozygote ( Figure 2, lanes 7, 8 and 9 ).
For the detection of Hb J-Meinung and Hb Kaohsiung, the 280-and 179-bp fragments were amplified from the two loci of normal alleles (Figure 3 (Figure 4, lane 6) . The more than 500-bp and less than 100-bp fragments were nonspecific due to untoward combinations of primer pairs.
The results of the multiplex MS-PCR are shown in Figure 5 . bands of greater than 350 bp were due to combination reactions of primer pairs.
DISCUSSION
MS-PCR is a new PCR-based method for the identification of previously known allelic mutations in the nucleic acid sequence. The method is based on the introduction of artificial mutations into the PCR-primer binding regions of the amplified DNA in an allele-specific manner, using allele-specific primers with mutagenic positions at different distances from the 3 ′ end. These artificially introduced mutations enable the primers to anneal to the target alleles more specifically. The products from MS-PCR are specific for their respective alleles and can be directly identified by agarose or polyacrylamide gel electrophoresis without further manipulation. This method was originally used to detect one mutation in one reaction tube. In this study, we extended the method to detect several mutations simultaneously in one reaction tube.
There are several other methods that can be used to detect several mutations simultaneously, such as multiplex ARMS (12, 13) , reverse dot-blot hybridization (23), multiple restriction fragment single-strand conformation polymorphism analysis (19) , chemical cleavage of mismatch (11) and multiplex PCR (5). In the multiplex ARMS method, two physically separated reactions for two alleles are set up, thus doubling the number of PCRs needed. In order to prevent false-negative results caused by inadvertent errors in the PCR procedure, an internal control is usually required by amplifying another gene. In the reverse dot-blot hybridization method, the tedious procedure of prehybridization, hybridization and immunochemical detection makes it clinically difficult to use. In the chemical cleavage of mismatch, complicated post-PCR manipulations are needed. In the MRF-SSCP, the results require further confirmation by other methods. The traditional multiplex PCR is used for detecting gene deletions, rather than point mutations.
In the multiplex MS-PCR, misinterpretations due to individual differences in setting up the test can be avoided because of the use of a master mixture of positive and negative controls for the reaction. A reaction in which at least one of the allele-specific bands is not obtained is regarded as incorrect. The multiplex MS-PCR has another advantage in that the competition and mutagenically allele-specific separation in one reaction tube can improve specificity, compared with the reactions in several tubes. The aim of the first part of this study was to develop a duplex MS-PCR test specifically for hemoglobin mutations. A duplex MS-PCR test is specific when the yield of products from the target alleles exceeds the threshold of detection of the system in use and the products from the nontarget allele are not detectable. During development, the PCR conditions are kept the same for all of the duplex MS-PCR tests, and specificity is achieved by the application of a number of techniques to minimize false priming and to maintain a satisfactory level of appropriate priming.
To obtain specificity in our system, all the primers first required additional destablization. The choice of the mismatched base was placed at the second or third base from the 3 ′ end, based on previous studies (9, 13, 15) . This mismatch maximized the difference between the rate of substrate formation for the loci of the target alleles, and that of the nontarget alleles. To avoid the filling-up effect of the shorter primer, Rust et al. mutagenized a base of the longer primer that correlated with the 5 ′ end of the shorter primer. This mutagenic base inhibited the filling effect caused by using shorter PCR products as primers. We used some primers that had identical sequences to normals in that region and found that these primers worked very well, with no filling effect, thus obviating the need for a mutagenic change in this region for MS-PCR. Secondly, the concentrations of the primers were extremely critical. By adjusting the concentrations of various primers, the competition for these primers varied and resulted in differences in PCR yield and specificity. The third crucial factor was the concentration of magnesium chloride. Inappropriate concentrations of MgCl 2 may give rise to unsatisfactory results.
The bothersome interpretation of PCR results caused by the interaction of primers can be solved by modification of the primer design. Taking the duplex MS-PCR for position -28 and codon 17, for example, the PCR product obtained from the upstream primer for -28 and the downstream primer for codon 17 was 541 bp, which was longer than expected by at least 200 bp, with less likelihood of confusing the interpretation. A similar situation was found in the reaction for codon 41/42 and IVS-2 nt 654 mutations, as well as for Hb J-Meinung and Kaohsiung. Hb E and Hb CS cause no confusion because of the different locations of the two genes.
The principle of the duplex MS-PCR was also applied to the multiplex MS-PCR test. With the exception of codon 41/42, the primers used in the multiplex MS-PCR test were the same as those used in the duplex MS-PCR test. The downstream primer for codon 41/42 was changed because the product in the duplex test was 350 and/or 320 bp, making it hard to differentiate from those for position -28. In multiplex tests, the interaction among primers became more complicated. However, by adjusting the concentrations of the various primers, which leads to unequal amplification of various alleles, this problem can be solved. Likewise, the interference of unexpected PCR products, caused by untoward combination of primers, can be eliminated or differentiated through appropriate design of the primers. For good quality control and reduction in the amount of trial and error required in adjusting the concentrations of primer pairs and magnesium chloride, we recommend the use of a thermal cycling machine with a shorter time and the adoption of the duplex MS-PCR for an initial try.
After repeated testing of the four most common β -thalassemia mutations, the multiplex MS-PCR was demonstrated to be a reliable and quick method for detecting β -globin gene mutations. MS-PCR has been increasingly applied to the genetic analysis of genomic defects. Though this method was previously restricted to the detection of single mutations only, we have succeeded in broadening the applica -tions of the multiplex MS-PCR as shown in this study. Despite the complexity of multiplex MS-PCR, it unveils the possibility of replacing many existing tests used in genetic analysis for point mutations or small deletions. Further development of PCR automation and post-PCR processing may minimize the workload of DNA analysis in the future. We routinely use duplex PCR to diagnose β -thalassemia mutation in our laboratory.
